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Within the iast 10-15 years, a growing number of cognitive research
studies have reported on the thought processes underlying effective learning
and problem soilving In physics. These studlios have ylelded a number of
important findings, many of which have direct Implications for classroom
Instruction. And yet our strong impression Is that many teachers are unaware
of what these studlies tell us. This Is unfortunate, but perhaps not
surprising. To mention only one obstacle, there have been few channeis of
communication through which teachers could hear of this research as a matter

of course. in the past few yoars, the AAPT has become one such channel
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through iIts highly successful Physics Teacher Resource Agents (PTRA) program
and workshops sponsored by Its Committee on Research in Physics Education.

However, It Is not yet clear to what extent research findings are disseminated
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by these means, and articles on the findings frequently fall to reach a
broader audience of physics teachers, Papers reporting research too often
appear In journals or are presented at conferences where the predominant
audience, both intended and actual, Is other researchers, and even articles
appearing In AJP and TPT do not always reach as broad an audlence as one might
hope. Most critical Is the fact that the teacher'’s everyday tools -- the
textbooks and the teacher’s guldes that accompany them -- remain essantially
untouche& by the research.

There are Important reasons for trying to break this closed circle. One
Is the Incieasing certainty we have about the Implications of some of these
research findings; another Is the Impact they can have on physics teaching.
By now, we all know of the strong pressure on teachers to help their students
become “"Inquirers” and "problem solvers*® and, In doing so, to de-emphasize the
memor ization of large amounts of factual Information that has been such a

prevalent pursult In our schoois. There Is Iittle dispute that some shift In




emphasis from content to process s a very desirable changd of direction; but
It Is not clear how to accompliish It unless we first understand the student ag
learner and then translate our understanding Into Improved teaching practices.
To make headway we need not just communication, but also close cooperation
betwesn cognitive researcher and classroom teacher. In fact, It Is often both
possible and vaiuabl. for the teacher to be the researcher in his or her own
classroom.

In attempting to work toward common ground, we witl comment very briefly
on the nature of cognitive research in yvaneral, and then focus on those areas
of research that we bslieve to be of speclal Interest to classroom physics

teachers.

¥What is Cognitive Research?

Much of cognitive research Is Interested In issues underlying knowledge
aAcquisition and use. In dealing with a sclentific domain such as physics, It
attempts to understand the process of thinking and learning. Fred Relf1 has
descr ibed education, as It occurs In and out of the classroom, as a process
that produces a transition between some Initial state of the student’s
knowledge and some desired fina| state. Cognitive research must try to
understand the nature of the Initial state (the student as he or she enters
our class), the process of teaching and learning by which a transition can be
brought about, and the nature of the goal state, which ideally Is expertise
(though we aimost always settle for less).

In the remainder of this paper, we discuss two areas of Increasing
Impor tance In cognitive research, and their Implications for the classroom.

The first addresses the “"initial state® of the learner and Involves what the

research Iliterature refers to as “misconceptions® that students b. Ing with

' 4

|
j
]




them to (or even deveiop In) thelir phys!cs classes. The soecond, which
considers the goal state as well, deals with different ways that novices and

experts go about storing and accessing Information and solving problems.

Mlsconcegtlons Research and Some implications

Educational theorles change, but over the years one can detect a
persistent assumption that students come Into physics classrooms with “clean
mental states,” and that learning, therefore, can begin from a zero point. )
Thus, when students do not learn as much as expected, the simple bellef alght
be that the difficulty can be overcome by making the presentation of the
material elther more iucid or more Insistent. This Implles that what Is to be
learned shouid fairly readlly taks hold, for there Is supposedly nothing
present In the student‘s mind (If It Is paying attention) to resist or fight
against It.

Recent findings from cognitive research, however, make this assumption
untenable and should persuade us that Instruction cannot be based on any
notlon that Implles the absence of prior knowledge In the minds of students.
Research shows, In fact, that students usually bring what might be called
“nalve theorles” (also termed “uhontaneous conceptions®) to thelr doal Ings
with the phenomena of Physics. These theories are ones they — and everyone -~
- arrive at as part of living In the worid and making sense of what happens
around us. As tninking beings, we are naturally Inciined to explain,
categorize, and order events so that they make sense to us. The result Is
that during the course of our lives we actively, albelt unconsciously,
construct simple or “common sense” theories that provide us with explanations

of the worid and Its phenonena.z This natural Inclination is cruclal to all

learning.
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The probiem arises because these "naive theories®” often tend to include
Risconceptions that interfere with students’ sbility to understand concepts
presented In the classroom, and this Interference usual ly occurs regardiess of
how clearly teachers present concepts. Moreover, these misconceptions reta'n
a stubborn hold on students’ thinking. investigations to date Indicate that
they plagus learning throughout the sclences and mathematics,>** but the
research Iis particulariy rich in physics, from which we craw “he following
oxamg los. .

o The first concerns the Atwood’s machine set=up In Figure 1, which
can be mads the basis of a class discussion orf a ONe-oN-one
interview. Blocks of equal mass are suspended from opposite ends
of a rope hung over a pulley. The blocks are placed In
Configuration A In Figure 1, 90 that they remain stationary with
the left block hanging lower. When students are asked, “Which
block Is heavier?®, many will choose the lower one. This
misconception Is easlly confronted. Change the set-up to
Configuration B In Figure 1, |ikewise a stationary arrangement,
and ask, “Now which Is heavier?® The idea here Is to chal lenge
the student’s erronecus conception not by explaining It away but
by creating a contradiction and asking the student to resolive this
contradiction with guidance In the form of probing questions from
the teacher.

© A second recurrent misconception concerns curvi ! inear motion.
Many students who have done well In a colliege physics course may
stiil describe Incorrectiy the motion of an artiliery sheltl after
It is fired from a tank turret that is rotating. A typical
incorrect description states that, when viewed from above, the
path of the airborne shell continues to curve sideways In the same
general direction as the turret’s rotation. The misconception
derives from a mental model attributing to the shell an ablliity to
“remember® that it was moving In a curved path while inside the
barrel. (See ref. S for a recent treatment of curviiinear
misconceptions).

0 Yet another common misconception concerns the forces acting on a
batted baseball while It Is In the alr. Many students incorrectily
claim there are three forces acting on the airborne bali: the
gravitational force, a drag force due to alir resistance, and the
“impact force” that the bat Imparted to the ball. Newtonlian
physics only acknowledges the first two of these. Students
asserting the existence of an "impact force” view It as an
attribute possessed by the ball as a resuit of Its contact with
the bat, as opposed to the mechanism by which the bat imparts an
initial speed and direction to the ball. (Note the similarities
between this and the previous example.)

-




There is a possible carryover here from the lack of distinction
In everyday language between ®|t struck with great speed” and *It
struck with great force.” In fact, evidence that students
assoclate force with velocity, and even view It as proportional to
velocity rather than acceleration, has been provided by ctudloa
such as one using the penclli-and-paper test shown in Figure 2.
Stronger students may also hold these alsconceptions, and are able
to reason more elaborately from them. (For example, If force is
proportional to velocity, and objects accelerate during free fali,
then there must be a gravity gradient.)

0 Misconceptions In physics are not limited to mechanics. In
electricity, students often consider a battery to be a source of
current rather than voitage. When presented with the clircuit In
Figure 3, students will usually recognize that If R1 Is Increased, ]
the buib dims. But many will argue tha: If R2 Is increased, the
buldb P unaffected because the current has aiready passed the
bulb.” In kinetic theory, many students wii| argue that the
reason the pressure exerted by a gas iIn a rigld closed container
increases with temperature Is that the gas (or molecuies) "wants
to expand.” Although they accept that molecules move faster at
higher temperatures, the notion of expansion overrides the need to
seek a specific mechanism (e.g. molecules striking the walis more s
frequentily at greater mean velocity) for Increased pressure. )
Misconceptions In optics were d&m by Goldberg and McDermott
in recent TPT and AJP articles. )

Other exampies of misconceptions abound In the research |iterature.
Some excellent reviews®'? ana bibilographtes'™13 provide a fuller guide for
the Interested reader. That Interest iIn this fleld remains robust Is
reflected In the heavy attendance at two international conferences on
misconceptions held at Cornel | University In 1983 and 1987, with the latter

meeting yleiding three large volumes of Promdlm.‘

It bears repeating that clear presentations by teachers do not In
themse ives eradicate existing misconceptions and replace them with correct
ideas. Several studies point this cmt.z's'9 Misconcept ions, by virtus of the
| fact that Individuals have spent time and energy constructing them, often turn
| out to be deeply seated and difficult to dislodge. We should bear In mind
that what physicists think of as a misconception may seem piain common sense
to many people.
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So simply telling students that their conceptual understanding Is wrong
or Incomplete, and combining this with a correct explanation, Is often not
sufficient for eradicating most misconceptions. Cognitive studles show that
misconceptions are tenaclous, and even thelr seeming elimination Is often
followed by a resurfacing of the same misconception in a student’s work a

short time later.

What This Suggests About Classroom Teaching

One obvious Implication of misconceptions research for classroom
teaching Is that Instruction will often be Ineffectual If It does not address
the prior Ideas of students. This Indicates that the educational process must
become more blidirectional than It Is now In many classrooms. In other words,
physics teachers should help students articulate how they think about a
problem beling studied and, In doing so, be alert to misconceptions that
students may bring to the surface (and tenaclously defend). These
migconceptions should then be openly addressed, as opposed to teachers simply
mak Ing lecture-style presentations of correct approaches. Unless this glve
and take occurs, It seems highly Ilkely that misconceptions w; || Interfere
with “the message* and that what Is sald by the teacher will not be equlivalent
to what Is heard by the student.

Because misconceptions .n be so resistant to change, It also seems
Important that students participate actively In the process of overcoming
them. A technique some have found effective Involves helping students to
confront an Inconsistency or contradictlon between their assumptions and
actual physical behavior. We saw a simple Instance of this In the case of the
Atwood’s machine discussed previously. Once the student percelves the

Iinconsistency and accepts the challenge of resolving It, a wore promising
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learning opportunity exists. This process aiso glves students surer
possession of concepts, bacause It assigns them an active part In
reconslidering thelir prilor incorrect understandings and reconstructing correct
ones.

Such techniques have taken a varlety of effective forms. An approach
that has been used effectively In high school physics classe:s“’15 invoives
use of a conceptual “bridge.* For example, many students do not belleve that
a table exerts an upward force on a book that Is resting on It. However, they
ara more llkely to beileve that If you press down on a spring, the sprlug
exerts an upward force on your hand. A set-up Involving a consplcuously
springy table can bridge the gap between the two anaiogous (I.e. analogous to
the physicist) slituations. In an Impressive demonstration that reinforces
this polnt.16 a mirror Is mounted on a seemingly rigld body such as a cinder-
block walii. A jaser beam Is reflected off the mirror to a photocel! connected
to an audlo a=ptlifier, from which It Is reflected back along iIts original path
to the laser. When the watl Is pressed, the net signal resulting from the
Interference of iIncident and reflected beam varles at audlo frequencles, and
the springliness of the so-called “rigld” body |s made aud:ble.

Innovative demonstration equipment can also be used In confronting
students’ assumptions. Melvin Stelnberg17 glves AAPT workshops showing
teachers how to make use of capacitors of enormous capacltance (up to 1.0
Farad) In simple bulb clrecults, such as that |In Figure 4. Because the glant
capacltance prolongs the transition to a steady state when the switch Is moved
to position B, the transient current from the discharging capacltor |asts lony
enough to visibly 11ght the bulb. This challenges the mlsconception that we
mentioned previously that the battery (now switched out of the circult) Is the

source of current In D.C. clrcults
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Computers have also been employed to challenge students’ misconcept lons
by means of games, software, and "microworids.' For oexample, White and
Horwltz18 designed a microworid called Thinkertools that allows students to
explore the princlples under lyIng Newtonlan mechanics. This approach
syntheslzes the learning of the subject matter with the nature and application
of sclentific laws. These researchers found that sixth gradsrs taught with
this approach performed bette: on a set of force and motion probiems than both
physics-nalve sixth graders and high school physics students. In particular,
the sixth graders taught with the approach learned that an Impuise applled to
a moving object produces an Incremental velocity In the direction of the
Impuise, ard that Impuises In one direction have no effect on the veloclty
component In the orthogonal direction.

in a sof tware-plus-transducer approacn, a motion detector feeding to a
mlcrocomputer Is used to turn the Input Into graphs of position, velocity, or
acceleration vs. t!me.19 A student ‘s misconception about the nature of the
motlon represented by any glven graph can be challenged by alming the motion
detector at the student and asking the student to move In such a way as to
reproduce the glven graph.

All of these approaches respond to the need to actively engage students
In combating thelr own misconceptions. At this point, however, any classroom
teacher might protest, “Fina. But | have 30 students In each of my classes.
If | were to address all thelr Individual misconceptions, there would be
little time left to cover the material In the course. Beslides, |'m not even
Sure that | know how to get at students’ prlor assumptionsi* These are very
valid concerns, but the outiook for having answers Is not as bleak as It may
appear. The research discussed has consistentiy revealed that, for a spacific

toplc, a small number of misconceptions account for the majority of errors

19




commnltted by students. For Instance, In the example clted ear||er concerning
the forces acting on the basebal!l, It Is probable that over 95 per cent of all
student errors wlll consist of e'ther omitting one of tne two legitimate
forces acting on the ball, or of Including the fictltious “Impact force* on
the ball, or both. The number of misconceptions Invoived In a particular

topic for a typlcal class will generally be falirly small —- rarely, we think,

more than two or three.

As for ldentlfyling misconceptions, there are some falrly natural methods

that teachers might adopt:

O Glve more attention to speaking and listening In the classroom,
and particulariy have students verbalize thelr conceptual
understanding of specific toplcs In qualitative terms. For
example, asking a class to speak to the question of forces acting
on the basebal! wlll almost guarantee that someone will mention
the “Impact force.*

O Observe error patterns In tests, qulzzes, and homework. 1If the
root cause of an error pattern is not clear, the teacher might ask
soeveral of the students who comm!tted the error to explain how
they arrived at thelr answerg. Many mlisconcept long go untreated
because teachers often view errors In Isolation. They are not
looking for error patterns that could be explalned by correct
applications of Incorrectly held mental concepts. In beginning to
make these observations systematically, the teazher |Is becoming a
researcher on a |ocal scale as part of the teaching process.

O Be aware of your own thinking. Some misconceptions have been
observed not only In beginring nhysics students, but also among
advanced undergraduates, graduate students, and both pre-service
and (dare we say Itil) In-service physics teachers. An
acqualntance with cognitive research on misconceptions may provide
an opportunity for some teachers to re-examine thelr own bellefs.

These approaches, If handied weil, may also take some of the onus of?
Incorrect answers and help students know what oxpert physiclsts know: that
thinking one‘s way toward solutions to problems often meets with difficulty

and that correct answers are often bulit on the recognition of previous orror.

indeed, understanding more clearly how oxperts get the Job done Is another




10

area In which cognitive research has made a significant contribution -- once

again, we think, with Important Implications for the classroom.

Expert/Novice Research and Some ilmplications

There Is a growing body of cognitive research that focuses on how experts
and novices perform a varlety of tasks, and how thelr approaches differ.
“Expert* and “novice" as used h;re refer, of course, to degress of sk!l! and
knowledge In a specific domain, not to any estimate of general proficlency or
Success In life. Among recent studlies one can fiInd Inquirles into expert
performance In a variety of pursults, such as chess.20 baseball.21 and
computer programmlng,22 as well as physics. These studies for the most part
attempt to answer two questlons: (1) How do experts and novices organize,
retain, and use domain-related knowledge? and (2) How do experts and novices
go about soiving problems? The answer to both these questions seems to be
“very differently,* and the more we know of the distinctions, the more It
appears that they may help us learn how to help students more effectively make

the transition from beglinner to expert.

Expert/Novice Differences In Knowledge Organization. In physics as In

other domalns, It should not be surprising to us that experts and novices
organize and retaln knowledge In distinctly different ways. |If there were few
such differences, we could begin to dispense rather quickly with the idea of a
beginner. What Is surprising, however, Is that untl| recently, we have not
Inquired closely Into the thought processes that make the difference between
one who Is starting out and one who has arrived at expertise In a specliflc
domain. When we do, the distinctiveness of the expert comes more clearly Into

focus,
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For exzmpls, cognitive research a:scloses that experts gather and store
Information (n clusters or chunks.za'24 the organization cf which can be
anvislioned as a hlerarchlcal pyramid, with fundamental concepts occupyling the
highest, most ascessible, levais of the hlerarchy, followed by anclllary
concepts, and wlth domain-related factual Information stored at the lowest
level and accessed vla refererce to more fundamental concepts. Within this
hlerarchical arrangement, bolng an expert, or “knowlng more"™, means having:
(a) more conceptucl chunks In memory, (b) more relations or tures definling
each chunk, (c¢) more Interrelations among chunks, and (d) effective methods
for retrleving related chunks.25

These flindings bear directly on what we do In classrooms. To clte one
example, Eylon and Relf conducted a studv26 In which they asked what happens
when novices are helped to organize knowledge nct as It |Is customar ||y
presented In textbooks and lectures, but rather as |t actually exlists In the
minds of experts. The study asks, If experts organize knowledge In a
hlerarchicai fashlon, doesn't It make sense for novices .0 recelve knowledge
In a simllar form?

To Investigate this question, they evaluated the effaectiveness of two
different modes of presenting a physics argument to col lege undergraduates —-
one hlerarch::al (wlth calculational detal Is subordinated to maln princlples
whic.. are first outlined to provi.. overview) and the other more tradlitlional
in Its organization, Invelving a single-level description that proceeds step-
by-step through calculatisnal detalls. (One such argument dealt with an
experiment In which measurements on a bouncing ball are used to deduce the
value of the gravitational acceleration g.)

When tested, those students who recelved the argument In hlerarchlcal

form per formed significantly better In both recall and problem-solving tasks
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than those who recelved It non-hlerarchically. Simllar results emerged from a
second study, Involving a set of rules students were asked to use In a
problem-solving asslgnment, fuither Indicating that classroom teaching may be
more effective when It Imparts knowledge In a form that reflects the way
experts organlize and use knowledge In actual Intellectual performance.

Expert/Novice DIfferences In Problem Solving. Experts also appear to

differ markedly from novices In the way they go about ‘solving problems.
Cognltive research Indicates that experts begln by culng on a problem’s “deep
structure* (princlples, concepts, or heurlstics that could be applled to solve
the problem) as the clue to determining which concept(s) or princlple(s)

should be applled In solving It. They then undertake a qualitative analysls

of the problem based on the concept(s) selected. Flinally, they take the time
to develop a strategy for achleving a solutlon before they execute procedures
for arrlving at an answer. In contrast, novices tend to cue on a problem’s
“surface features“ (problem Jargon, descriptors of the set-up, etc.), fall to
examine Its qualitative structure, and plunge toward a solutlon with Iittle
attentlon glven to strategy.

This description emerged form a serles of Interesting exper Iments by Ch'.
Feltovich, and Glaser.27 They begin by askling what type of cues experts and
novices In physlics use In declding how to attack a problem. They pursued thls
Inquiry by assigning the same task to a group of expert physicists and to a
group of undergraduates who had Successfully completed an Introductory physlcs
course. The tas. conslisted of asking the parilclpants to sort a stack of
elementary physlics problems written on Index cards Into plles arranged

aczording to simllarity of solution -- that Is, problems that could be solved

with simllar strategles were to be placed on the same plle.

14
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Results showed that the sorting done by novices disclosed a strong
inclination toware "sing surface features to ldentify and classify problems.
For example, novices tended to see problems Involving Inclined planes as
falling In one category, problems Involiving pulleys In another, and problems
Involving friction In a third. This 13 significant In view of the fact that,
depending on what Is belng asked, two problems Involving Inclined planes cruld
require entirely different strategles for solution (e.g. one might Involive
kinematics to determine the time required for an object to silide down the
plane, while another might Involve conservation of energy to determine the
final veloclty of an object that rolls down the plane without slipping). The
point Is similarly made for prob]ems Involving pulleys or friction. Alert to
such qualitative distinctions, experts displayed a strong Incll, ‘on toward
using the physical principle Involved |n solving the problem as the critericn
for sorting 1t. For example, experts placed problems that could be scfved by
conservation of energy In one plle, problems that could be solved by Newton'’s
second law In another, etc.

The Important question arising from these findings, again, Is whether
novices will make more rapld and certaln progress toward expert status If, In
school, they are guided to think the way that experts do when they tackle a
problem. If we find that the answer Is “yes,” this would complement
previously cited findings about Improved performance of novices when they were
helped to organize knowledge In an expert-iike hlerarchical fashlon. Thus
far, a couplis of studies suggest an affirmative answer. In one study.28
novices were tralned ‘o generat~ a problem analysis before under taking
solutions. These analyses requlrwd novices to describe problems In terms of

concepts, principles, and procedural strategles. The study showed that gilven
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this kind of preparation, students were better able to construct probiem
solutions.

What this and other eviderce discioses Is that experts possess a number
of taclit skllis In problem solving that are now seldom taught explicltly In
classrcoms, such as the following:

0 Describing a probiem |n detall before attempting a sotlution.

O Determining what relevant Information should go Into the analysls
Oi a probiem.

0 Declding which procedures can be used to generate a problem
descripticn and analysls.

The strong Implicaticn s that useful tearning wlll Increase If students are
expliclitiy taught these skll!s and challenged to apply them to work In the
classroom.

Te examine this assumption further, the authors and several col leagues at
the University of Mass.chusetts recently conducted a multi-faceted studyzg-31
focusing on the question of whether one ca. promote expert—-Illke behavior In
novices oy stiuc‘uring :heir problem-solving activities to reflact the
hlerarchical way In which physlics experts analyze probiems. Unllke previous
studles which focused on speciflc toplcs (3.g. Newton's Second Law13'27).
were Interested In ascertalining whether It was possibie to effect novlce-to-
expert shifts across a vlde range of physlics toplcs. We therefore desligned
and developed a computer-based, expert-llke problem analysls environment,
called the Hlerarchlcal Analysis Tool (henceforth, HAT), that ‘could be used to
analyge the majority of problems In a calculus-baczed freshman classical
mechanlics course.

To analyze a protlem using the HAT, the student answers wel |-def Ined
questlons by making salections from merus that are dynamically generated by

computer software. In ithe flirst menu, the student selects a general princlple
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that could be applied to solve the problem under consideration. Subsequent
menus focus on ancillary concepts and procedures and are dependent upon the
prior selections made by the student. The analysis Is termed “hlerarchical*
because the menus become Increasingly specific as one progresses. When the
analysis |Is complete, the HAT provides ths student with a set of equations
that Is consistent with the analysis conducted by the student. If the
analysis Is carrled out Incorrectly, the final equations are consistent with
the student’'s menu selections, but are Inappropriate for solving the probiem.

Thus the HAT Is a flexible, self-consistent tool desligned to constrain
Its user to apply a hlerarchicat, top—-down problem solving approach. It Is
important to note that, because It was designed as a research tool and not as
a pedagogical Instrument, the HAT nelther tutors, nor provides feedback to the
student. The user Is therefore free to follow any path through the analyzer.
Flgure 5 contains the menus and selections that would appropriately analyze
the energy problem gliven at the bottom of the figure.

In our study, sub)ects underwent a “treatment*” conslisting of solving 25
classical mechanlics problems over flve, one-hour sessions using the HAT. Two
control groups were used for compar ison purposes: one solved the treatment
proviems using the textbook as a resource, whille the other solved the problems
using a novice-|lke, computer-based environment called the Egquation Sorting
Tool (EST). The EST was a computer-based “formula-sheet*“ containing 178
equat jons taken from the textbook; thls equation data-base could be searched
and sorted via surface feature terminology (e.g. by problem types such as
“Inclined plane problems,* by variable names such as “velocity,* or by physics
terms such as “potentia' energy.*).

Th~ effectiveness of the HAT was compared against that of the two

control treatments using three measures: 1) A problsm categorization task In

’-‘
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“hich students were asked to match probiems cn the basis of the simllarity of

the aprroach that couid be used to soive them, 2) An sxplanations task

requiring that students provide written explanatlions of what would happen when

a particuiar change was made in a glven physical situation, and 3) A probiem

solving task that resembled a final exam in a mechanics course. All three

tasks were administered both before and after treatment, hence we were abile to

observe shifts in per formance that resulted from the treatment.

The study ylelded a number of interesting resuits:

(o)

The categorization task showed that users of the HAT shifted
significantly from categorizing probiems on the basis of surface
features toward categorizing on the basis of govern!ng principles.
Students in the control groups exhiblted no such shift.

After using the HAT, students used a widely applicabie higher—~
order concept, energy, in a significantly fuller and more
organized fashlon in the expianation task.

All three groups sxhlibited statistically significant Improvements
In the problem solving task, although no singie group Improved
significantly more than any other group.

Desplite the hunt and peck character of the EST, It was possible to
use that environment in a hierarchical way by sorting the equation
data base according to terms which were principles (e.g.,
Conservation of Energy) rather than varilables (e.g. Veloclty) or
problem types (e.g. Inclined Plane). The EST users who did this
in a conslistent manner were also, aimost wlthout exception, those
who performed better on the explanation tasks. These were also
the EST users who, by and large, performed best on the probiem-
solving pre and post tests.

Although the overall correiation was not statistlically
significant, those students showing greatest pre-to-post
improvement on the explanation task also averaged weil above mean
Improvement on the probiem-solving test.

For all three groups of students, on both pre- and post-tests,
correct ldentification of the governing principle(s) relevant to
constructing a problem’s solution was a necessary and substantiai
step In developing a correct solution strategy.

In the explanation task, the context, shaped by the surface
features of a given s|tuatlon, strongly affected which variables
students chose to discuss and which principles they applied,
teading them to treat differently situations that physiclists would
conslder analogous. For Ingtance, students were more llkely to

15
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conslder gravitational potential energy, mgh, In a sltuation where
the helght h is aitered than in one where g was changed by
relocating a set-up to the moon.

What dces all thls mean for the teacher? To us, the data has several
implicatlions for the classroom:

O Since the HAT approach did promote greater shifts toward expertlse
than the two control approaches, our study suggests that the
development of students’ physlics knowledge and problem solving
skills cait be faciiitated through activities In which students
actlively engage In structured probiem solving tasks which
highllight the Interplay of concepts and procedures.

Our findings suggest that we shouild not rely on pencl|-and-paper
problem solving as the sole measure of our students’ leve! of
expertise. Tasks Involving problem categorization and qualltatlve
explanations can provide teachers with Independerit measures of
students’ understanding of physics. Our findings Indlcate that
the Improvements shown by HAT users surpassed that of the ccatrol
groups for categorlization and explanation, but not for proolem-
soiving. We Interpret this to mean that, at (east In the short
term, problem-solving Is a less sensitive measure of the
development of a student‘s knowledge of physics than are
categorization and explanation. Aspects of these latter tasks
must be combined with other elements, such as strategy
formutation, mathematical knowledge, manipulative skiils, and
visuallizatlion skills, In the more complex task of solving a
probiem. Thus, we shou’'d expect nelther that problem solving
measures are the most precise measures of oxpertise, nor that
ablllity to do well In problem solving measures necessar'ly Implles
a deep conceptual understanding of physical sgltuations.

The fact that students show context dependence In the application
of concepts to slituations tha- physicists would conslder analogous
suggests that we need to diversify the students’ oxperlentlal base
as well as to teach them a structure for organlizing it. The type
of thinking that proceeds from governing princliples rather than
surface features requires, In part, the abllity to recognlize when
a principle Is applicable, that Is, to have a sense of Its range
of applicablllity. Organlization becomes valuable only when there
I8 enough stored In the student’s memory to make It efficlent to
organize the knowiedge (l.e. you can't mean!ingfully order a deck
of only two cards.) We belleve that most good teachers know how
to help students expand and structure thelr knowledge base: when
teaching a concept, good teachers help students explore the
ramiflications of the concept through a diversity of examples that
explore the range of the concept's applicabllity.
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Concluding Remarks

We are addressing our remarks about cognitive research directly to
physics teachers because we belleve that In the long run the findings wil|
have Impact only If they are useful In the classroom. Of course, most of the
work cited Is still relatively recent, mostily |ess than ten years old. Young
as the fleid of cognition and Instruction Is, we hope we have demonstrated a
level of maturity In the research findings that suggests their readiness for
testing and evaluation through practical classroom appllcation. What we must
hope for now Is Increased collaboration between teachers and researchers,
especially In the design of Instructional approaches that Integrate process
and content.

We are not nalve about major obstacles that stind In the way of Improving
the ciilmate of Inquiry In our classrooms. Textbook deslgn contlnues to
emph isize breadth of content coverage, rote learning, and quantitative rather
than qualitat|ve roasonlng.32 Added to this, most avallable assessment
Instruments |argely measure a student ‘s command of factual and quantlitative
knowledge. A recent review of selected sclence achlevement tests conducted
under the ausplices of the National Research Councll revealed that, with few
notable excepticns, test Items did Iittie to assess higher order thinking
skllls.33 This view was echoed by a study commissioned by the Natlonal
Sclence Foundation to Identify NSF Initiatives that could be pursued to
address problems and opportunities iIn K-12 sclence education; one
recommendat{on was to Improve sclence testing lnstruments.34 The teacher who
wants to help students oengage and acqulire <klill |In serlous inquiry Is In a
difficult situation. |f prescribed textbooks provide |ittie occasion for
practice In needed ski!ils and tests largely lIgnore them In measuring student

achlevement, ths teacher will find littlie support In emphaslizing Inte!lectual

2
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processes within the context of content. Obviously, this is another closed
circlie that must be broken.

To effect a major change In the way that physics is taught in our schools
will requlire the cooperation and imagination of teachers and teacher
orgunizations, parents, researchers, school administrators, test developers,
and textbook pubiishers. But no major movement almed at improving classroom
Instruction can be successful uniess it Is sustained by the day to day
practices of the classroom teacher. There may or may not be major strides
toward marrying content and process in our education system. However, there
Is one thing that we are guaranteed of having If a few teachers make a
concerted effort to deai actively with cognltive processes in their

ciassrooms: More students who wiii be abie to bring an understanding of

Physics to bear on non-routine situations.
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FIGURE 5. Hierarchical Ana'yzer Menus & Choices for Problem 1

1 | Which priuciple applies to this part of the problert solution? G | Descrive the changes in poteutial energy
1. Newton's Second Law or Kiuematics 1. Chauges In gravitational potential energy
2. A}'l"'“ Moweutum 2. Chauges in spring potential snergy
3. Linear Mowmentum 3. Chaunges in gravitational and spring potential energies

4. Work and Energy
Please enter your selection: [1]

Plsase euter your selection: [4]
(BJackup (M)ain menu (G)lossary (Q)uit (' Vist selections

(B)ackap {M)ain menu (G)lossary (Q)uit {L)ist selections

7 1| Describe the boundary conditions

2 | Describe the system in ternis of its mechanical energy . L. .
1. No initial gravitational potential energy

1. Couservative system (conservation of energy) 2. No Bual gravitational energy
2. Nou-Conservative systems (work-energy exchange) 3. Initial and final gravitationa! energy
Please enter your selection: [1] Please enter your selection: |2
{B)ackup (Mjain menu (G)lossary (Q)uit (L)ist selections {Bjackup (M)ain meuu (C)lossary (Q)uit {L)ist selections
3 | Describe the changes in mechanical Fﬂefis- Consider only 8 | 1o there another body in the aystems which has not been examined?
the energy of one body at sowme initial and inal state
T 1. Yes
1. Change in kiuetic energy 2. No
2. Chauge in potential euergy Please euter your selection: [2]

3. Chauge in potential aud kinetic energics

Please enter your selection: [3] (B)ackup (M)ain menu  {G)lossary (Q)uit  (L)ist selections

(Blackup  (M)ain menu  (G)lowsary  (QJuit  (L)ist selections Q | The Euergy Principle states that the work done on the system by
all non-couservative forces is equal to the change in the
mechanical suergy of the systens:

wut - EI - E,

4 | Deacribe the chianges in kinetic energy

1. Change in translational kiuetic energy
2. Chaunge iu rotational kinetic euergy According to selections
mt ’

3. Change in trauslational a1 rotational kinetic energies
W,,. = 0 (Conservative system: mechanical energy conserved)

Please enter your selection: |1
Ey= (M1},

{B)ackup (M)ain nienu (G)lossary (Q)uit (L)ist selections .
E, = (Myy)i
S | Describe the boundary conditions Please press auy key to continue

1. No initial translational kinetic energy

*  No final translational kinetic energy 10 *** Work and Eur.gy

3. luitial and Binal translational kinetic energies 1. Problem solved
Please euter your selection: “l 2. Return to Main Meuu to continue solution

’ 3. Review previous solution screens

(B)ackup (M)ain menv. {G)lossary (Q)uit {L}ist selections Please euter your selection:

PROBLEM 1

A SMALL BLOCK OF MASS M SLIDES ALONG A 7[\
TRACK HAVING BOTH CURED AND HORIZONTAL
SECTIONS AS SHOWN. IF THE PARTICLE IS h
RELEASED FROM REST AT HEIGHT h, WHAT IS
ITS SPEED WHEN IT IS ON THE HORIZONTAL
SECTION OF THE TRACK? THE TRACK IS
FRICTIONLESS,
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